ABSTRACT. The purpose of this study was to investigate the importance of present and historical climate as determinants of current species richness pattern of forestry trees in South America. The study predicted the distribution of 217 tree species using Maxent models, and calculated the potential species richness pattern, which was further deconstructed based on range sizes and modeled against current and historical climates predictors using Geographically Weighted Regressions (GWR) analyses. The current climate explains more of the wide-ranging species richness patterns than that of the narrow-ranging species, while the historical climate explained an equally small amount of variance for both narrow-and-wide ranging tree species richness patterns. The richness deconstruction based on range size revealed that the influences of current and historical climate hypotheses underlying patterns in South American tree species richness differ from those found in the Northern Hemisphere. Notably, the historical climate appears to be an important determinant of richness only in regions with marked climate changes and proved Pleistocenic refuges, while the current climate predicts the species richness across those Neotropical regions, with nonevident refuges in the Last Glacial Maximum. Thus, this study's analyses show that these climate hypotheses are complementary to explain the South American tree species richness.
Introduction
The understanding on factors that affect species distributions in space and time is an essential issue in Ecology, Evolution, and Conservation Biology (SVENNING et al., 2008) . It enables us to predict the consequences of human disturbances on global biodiversity, as well as their implications for future species' conservation and endurance (BROOKS et al., 2006) variables on biodiversity patterns is an important focus of investigation in macroecology (WILLIG et al., 2003 for a deeper review).
Climate, probably the most important factor determining broad-scale species distributions, influences species both directly, affecting their intrinsic physiological tolerances, and indirectly, by changing their interactions with other species. Although actual climate-related characteristics have an important role on contemporary species richness patterns (FRASER; CURRIE, 1996) , historic climate is also an important determinant of such patterns (ARAÚJO et al., 2008; HAWKINS et al., 2006; SKOV, 2007b; SVENNING et al., 2008) . Once species are expected to track down suitable areas for their permanence (JETZ et al., 2004) , climatically stable areas are expected to be richer in species than unstable ones (ARAÚJO et al., 2008; HAWKINS et al., 2006) . Such pattern would be primarily caused by the physiological incapacity of many species to adapt to environmentally unstable places along the evolutionary time, which may imply that only a few species would be able to survive in areas of severe climatic conditions (FRASER; CURRIE, 1996) .
Dispersal ability is also a very important factor affecting current species distribution (GASTON, 2003) . Theoretically, in the absence of geographical (e.g. oceans, high mountain chains, wide rivers) and physiological (e.g. isotherms) barriers, species are expected to quite succeed on occupying the geographical space, expanding their distribution to areas with suitable characteristics for their requirements, and being widely distributed elsewhere (PITELKA et al., 1997) . However, disregarding local and regional constraints, such expectations do not hold for many species, even in the lack of geographical barriers (SVENNING; SKOV, 2007b; SVENNING et al., 2008) . Sometimes, species are not in equilibrium with current climatic and environmental characteristics, and those with low dispersal abilities are expected to occur in suitable areas that were climatically stable during the Last Glacial Maximum (LGM; i.e. glacial refuges; see ARAÚJO et al., 2008; SKOV, 2007a and b; SVENNING et al., 2008 for some examples).
On the other hand, if considering species with good dispersal abilities only (among plants, amphibians, and reptiles; ARAÚJO et al., 2008; SKOV, 2007b) , current climate seems to play a much more strong influence on the explanation of biodiversity patterns (HAWKINS et al., 2003) . However, even after some attempts to relate historical climate to current species distributions (HAWKINS; PORTER, 2003; HAWKINS et al., 2006) , the quantitative estimation of past climate effects is very difficult, due to the lack of reliable climatic data from past periods (ARAÚJO et al., 2008) . Nevertheless, recent advances on coupled Atmosphere-Ocean Global Circulation Models (GCMs) enables now to simulate paleoclimatic scenarios from different geological periods and to quantify historical effects of climate on biodiversity (e.g. ARAÚJO et al., 2008) .
Regarding plant distributions, previous studies in Europe showed that historical climate is an important factor determining the current narrow distribution of some species, which are not distributed in areas previously occupied by glaciers in the LGM (i.e. areas where mean annual temperatures were constantly below freezing point; SVENNING, 2004; SKOV, 2007b) . Although the last glaciation certainly affected global climate with no exceptions, it is expected that these patterns found among narrow-ranging European plants would not be the same in tropical regions from the Southern Hemisphere. Overall, the Pleistocene climatic changes in the Southern hemisphere occurred as a response to cold temperatures in the Northern Hemisphere during the LGM (SALGADO-LABOURIAU, 1997). However, since ice sheets did not cover the Southern Hemisphere in that period (DELCOURT; DELCOURT, 1991) , it is expected that the species did not isolate in glacial refuges in most part of this hemisphere (but see for Australian Pleistocenic refugees).
Here, we applied the Marquet et al. (2004) deconstruction approach to investigate the effects of "current climate" vs. "historic climate" hypotheses on South American tree species gradients. More specifically, we ask if historical climate contribute to explain the current richness gradients considering tree species with contrasting dispersal abilities. Additionally, we investigate two alternative hypotheses for the South American pattern of tree species richness regarding historical and current climate: 1) if South America did not glaciate during the LGM and the lowland species did not isolate in Pleistocenic refuges (COLINVAUX et al., 1996 (COLINVAUX et al., , 2000 , current climate will exert a much more stronger effect on species distributions patterns than historical one, independently of the species' dispersal abilities; 2) We expect that narrow-ranging species richness in South America will be more affected by historical climate than wide-ranging species richness, since the most recent Ice Age caused climate changes worldwide.
Material and methods

Species richness
We organized a georeferenced data set of 14,563 occurrence points for 217 South American forestry tree species presented in Carvalho (2003 Carvalho ( , 2006 Carvalho ( , 2008 , which were sampled from Species Link (http://www.splink.org.br) and Global Biodiversity Information Facility -GBIF (http://www.gbif.org). The occurrence points were mapped in a grid including 1,555 cells of 110 110 km of resolution. We used the maximum-entropy technique, implemented in MAXENT v. 3.3.3a (PHILLIPS; DUDIK, 2008;  http://www.cs. princeton.edu/~schapire/maxent) to model the predictive distribution for all species individually, using three main climatic variables (mean temperature of the coldest month, mean temperature of the hottest month, and annual precipitation), and one topographic variable (mean altitude) from WorldClim interpolated map database (HIJMANS et al., 2005) . In order to evaluate the strength of the SDM produced by MAXENT, we partitioned the occurrence records of each species in training (75%) and test (25%) data.
The model's prediction accuracy was evaluated from the Area under the Receiver-Operating Characteristics curve (AUC from ROC curve), obtaining the binary presence-absence maps from continuous values of habitat suitability using the lower predicted suitability value corresponding to training data, as the criterion for cases classification (Minimum training presence threshold; PHILLIPS; DUDIK, 2008) . From the species presence-absence matrix, all species present in each grid cell to generate the "predicted species richness" was added (only "species richness" hereafter). Moreover, out of the total species richness, the deconstructed richness of narrow and wide-ranging species for each grid cell was calculated (see Appendix S1 for deconstruction details). The geographical range sizes were based on the species distribution maps as predicted by MAXENT across all South America.
Species richness predictors
We used five potential explanatory variables of tree species richness in South America to test our contemporary and historical climate hypotheses. Four of these variables [mean annual temperature (MAT), annual precipitation (AP), annual actual evapotranspiration (AET) and annual potential evapotranspiration (PET)] describe environmental factors affecting species distributions in the current period and that have already been extensively used in other studies assessing broad-scale plant diversity gradients (see SKOV, 2007b; SVENNING et al., 2008;  for additional examples). MAT and AP were compiled from the WorldClim database (HIJMANS et al., 2005; www. worldclim. org/current). The monthly temperature and precipitation values were used to calculate the PET and AET using AET calculator 1.0 (http://geography. uoregon.edu/envchange/pbl/software.html). Since our analyses might be considered "biased" by the inclusion of many current variables (MAT, AP, AET and PET) that are highly collinear, they were reduced to the first axis of a Principal Component Analysis (PCA) (LEGENDRE; LEGENDRE, 1998), which was named as the "current climate predictor".
The fifth variable represents the historical climate, which is associated with the climatic changes during the most recent Ice Age. The study estimated the climate stability according to the last inter-glacial period until the present (last 126 thousand years before the present -126 ky) from the changes, in the minimum and maximum surface temperature and total precipitation, to obtain the "historical climate predictor". It also estimated the climatic stability index according to the analogous climate envelope analysis proposed by Nogués-Bravo et al. (2010) . The main idea of this index is to quantify, for each cell grid, the area and average distances of climatically analogous neighboring cells between two consecutive time periods. The study would consider the climate of two grid cells analogous (analogous climate envelopes) if the difference in all three climate variables (minimum and maximum surface temperature and total precipitation) between the cells would lie within the maximum tolerance described in Ohlemüller et al. (2006; 4ºC for maximum and minimum temperatures and 400 mm for precipitation).
Statistical analyses
We used a set of Geographically Weighted Regressions (GWR) analyses to test if the deconstructed patterns of tree species richness across South America support the predictions from the contemporary and historical climate hypotheses. The GWR analyses were used instead of global OLS-based analysis due to the quadratic relationship and the nonstationary pattern between species richness and current climate. Furthermore, the GWR analyses enables us to explore the spatial non-stationarity in the relationship between species richness and the two explanatory variables (i.e., "current climate" and "historical climate") if compared with the global OLS model (FOTHERINGHAM et al., 2002) . For this, the coefficient of determination (R 2 ) and Akaike Information Criterion (AIC) was applied to compare the GWR and OLS models.
Finally, the study also partitioned the proportion of richness variance for each range size group that was explained by current climate, historical climate, and the proportion of unexplained variation (LEGENDRE; LEGENDRE, 1998 
Results
The forestry tree species richness in South America showed the highest richness in the Southeast of the continent ( Figure 1A and Appendix S3J in Supporting Information). Although richness pattern for narrow-ranging species was higher in the Southeast of South America ( Figure 1B and Appendices S3A-S3D), the pattern for the wideranging species presented a South-North richness gradient ( Figure 1C and Appendices S3F-S3I).
Our GWR models that used the combined effects of past and current climates explained the South American pattern of tree species richness relatively well (Table 1) . However, the partitioned variance explained only by the contemporary or historical climate was relatively low, regardless of the range size group considered (Figure 2 and Appendix S4), and a high amount of variance was explained by the overlapped effects of the two variables (see variance partitioning bars in the Figure 2 and Appendix S4). However, the current climate explained more for wide-ranging species richness than for narrow-ranging species (Spearman's r = 0.73, p = 0.02), while the historical climate explained an equally small amount of variance for both narrow-and wide-ranging tree species richness patterns (Spearman's r = -0.50, p = 0.17). Additionally, the local GWR outputs indicated a non-stationary pattern in the relationships between explanatory variables and tree species richness, identified by the greater GWR coefficients compared to the global OLS (Table 1) . The slopes and local R 2 related to the current climate alone were higher than those from the past climate in most part of South America (Figure 2 and Appendices S4, S5). Nevertheless, in some regions, historical climate exerted a greater influence than current climate (e.g. in central-southeastern areas and central Andes). Considering each predictor separately, current climate exerted positive influence on species richness from southern South America, while in the Northern of the continent, its influence was negative. Regarding the historical climate, its influence on the species richness was positive in some regions located in center of the continent, and negative in areas located in northwestern South America. In only a few cells, both current and historical climate influences were the same (Figure 2 and Appendix S5). Furthermore, the high amount of unexplained variance is spatially concordant with grid cells which historical climate exerted a high influence (Figure 2) , which also indicates that the current climate may be a better predictor of tree species richness than past climate in the most part of South America (Figure 2) .
These marked patterns of the relative importance of current and historic climates throughout South America (Appendix S5) are spatially very similar within each range size group (narrow or wide), but they are generally different among range size groups (Appendix S2). Additionally, for current climate, the geographic pattern of the GWR slopes for total species richness is strongly related to the wide-ranging species richness, while for historical climate, a strongest relationship was observed between total richness and narrow-ranging species richness (Appendix S2).
Discussion
In general, the species richness pattern of forest trees hardly peaks in southeastern Brazil (Figure 1 ). Although it is expected to be biased as for total South American plant diversity, specially concerning to Amazonian region, we expect that the relative importance concerning each predictive variable (current vs. historical climate) would be real at least for those regions with expressive species richness, once GWR perform local regressions considering neighbors grid cells subgroups. Moreover, our results were found considering only trees of forestry interest, and then our explanations are limited to them.
Regarding the deconstruction of the richness pattern, our findings indicated that current climate was more relevant to explain current South American tree richness than historical climate, independently of the geographical range size, as it was previously expected (Figure 2 and Appendices S4, S5). On the other hand, historical climate did not contributed to a better statistical explanation of narrow-ranging species richness when compared to the wide-ranging species richness, differently from our initial supposition. These results reinforce the importance of current water-energy balance as a good predictor of plant and animal diversity across SVENNING et al., 2008) . From the glaciers retreatment during post-Pleistocene global warming until present, many narrow-ranging species were not able to recolonize large parts of their climatically suitable potential ranges due to their relative poor dispersal ability (ARAÚJO et al., 2008; HAWKINS; PORTER, 2003; SKOV, 2007a and b; SVENNING et al., 2008) . Thus, historical effects on biodiversity patterns have been hypothesized to be most important for taxa with limited dispersal abilities (ARAÚJO et al., 2008; HAWKINS; PORTER, 2003; SKOV, 2007a and b; SVENNING et al., 2008) . Nevertheless, in the Southern hemisphere, the climatic changes during the Pleistocene occurred as a response to the cooling of Northern regions in the last glacial period (SALGADO-LABOURIAU, 1997), but South America was not covered by ice sheets in the LGM (DELCOURT; DELCOURT, 1991) . Then, if dispersal-limited species are likely to have smaller geographical range sizes because they have not been able to adjust to current climate conditions in Northern hemisphere (ARAÚJO et al., 2008) , there are certainly other factors than historical climate itself causing range constraints among tree species in the South America (such as fine-scale environmental features [WISZ et al., 2007] , or community assembly processes ).
On the other hand, demonstrated that species richness patterns of low dispersal animals from Australia are also better explained by historical habitat stability, while the richness patterns of species with high dispersal capacity are best predicted by current environmental parameters. Once ice sheets did not occur in Australia during the LGM, this historical effect on the Australian faunas are contrasting with our findings from the South American tree species richness. However, palynological evidence indicates substantial climate-induced contractions and shifts of upland Australian rainforest vegetation during the Quaternary period, with replacement of extensive moist rainforest by open eucalypt woodland in northeast Australia (KERSHAW, 1994) . This caused habitat fragmentation and the forest-dependent animals were restricted to localized refuges . In the South America, the available palaeoecological evidence suggests that ''habitat tracking'' was a more influential phenomenon in the biota than ''biome replacement'' (BUSH; COLINVAUX et al., 1996 COLINVAUX et al., , 2000 , contrasting Haffer and Prance's (2001) Amazonian Pleistocenic refuges hypothesis. Thus, if dispersal ability was not limiting the post glacial distribution of tree species in South America (as revealed by the low effects of the historical climate on species richness), and if contemporary climate is a better predictor of tree richness for of all range size groups, we would expect that most of 217 tree species analyzed in this study are likely to be at equilibrium with current climate conditions. For these reasons our results permit us to infer that historical climate must have little influence on current species richness in regions without glacialinduced refuges, since the climate changes occurred worldwide during that time. If climate changes themselves were an important control of the species distributions in the present, such as previously shown for European, North American and Australian species, the effects of historical climate should also hold for Neotropical narrow-ranging tree species richness. Additionally, the studies from regions with marked climate changes along time and where glacial-induced refuges were formed have already shown that historical climate still exerts an important influence on current geographical patterns of plant and animal species richness (ARAÚJO et al., 2008; HAWKINS; PORTER, 2003; SKOV, 2007a and b; SVENNING et al., 2008) . Thus, this prediction, which the historical climate seems to exert an important influence on narrower species current distributions that have been observed by Hawkins and Porter (2003) , , Araújo et al. (2008) and Svenning et al. (2008) may have been caused by a biased selection of the regions studied (i.e. regions with marked climate changes along time and where glacial-induced refuges were formed during LGM), and such pattern probably have been different of other regions during LGM.
Such inference is also supported by nonstationary local GWR pattern in the relationships between explanatory variables and tree species richness (Figure 1 the historical climate did not exert a big influence in tree species richness from many of South American cells, the regions where its influence was meaningful are spatially concordant with those ones where primary vegetation replacement and refuges development were observed in the last glaciation. The palynological records from Southern Brazil indicate that Araucaria forest, a small coniferous forest with one dominant species (Araucaria angustifolia) that currently occur on the Brazilian Southern highlands (between 500-1800 m elevation), Northeastern Argentina and Eastern Paraguay (HUECK, 1953) , was restricted to scattered areas associated to deep and protected valleys during the glacial times, while the campos vegetation (e.g. grassland) was much more abundant in highlands than today (BEHLING, 1997 ). Yet, Ledru et al. (1996) related the vast occurrence of Araucaria pollen records in southeastern Brazil (latitude ~18 o S) to its northward migration in that period, during the cold phase of LGM. Only in the late Holocene, when the annual dry period has become shorter, that Araucaria forests expanded to the South Brazilian highlands (BEHLING, 1997). As a consequence of this vegetational dynamic, many Pleistocenic refuges were formed in this small region at central-southeastern South American continent. Not surprisingly, this small region is just one where historical climate presents better predictive performance for and positively related with tree species richness (Figure 1 and Appendices S4, S5), supporting our inference.
On the other Brazilian biomes, this vegetational assemblage-based contraction and expansion dynamic was not observed (i.e. no others refuges were formed) and the current climate was the most important predictor of the tree species richness. Therefore, what may really have occurred in the other biomes was only migration of many isolated plant species without primary vegetation replacement and Pleistocenic refuges (see LEDRU et al., 1996 for Atlantic Forest history; see LEDRU, 1993; and BARBERI et al., 2000 for Cerrado history; see DE OLIVEIRA et al., 1999 for Caatinga history; see COLINVAUX et al., 1996 see COLINVAUX et al., , 2000 for Amazon history and full explanation against the biome replacement in Amazonian lowlands).
Moreover, the central Andes in the western South American coast were other important region with higher predictive performance of the historical climate, but here it was negatively related with tree species richness (Figure 1 and Appendices S4, S5). The Andean Cordillera is a special case of glacial advances in the South America during the Late Quaternary glaciation (ZECH et al., 2008) . Although the glacial dynamic was restricted to high altitudes (ice sheets reached down to 2000 m in many areas of central Andes, the glacial-induced replacement of paleovegetation was clearly observed from palynological records (SALGADO-LABOURIAU, 1979) . This vertical migration on the mountain slope is similar to that latitudinal migration reported for high northern latitudes (ARAÚJO et al., 2008; HAWKINS; PORTER, 2003; SKOV, 2007a and b; SVENNING et al., 2008) , forcing the species to step down for climatic suitable altitudes (SALGADO-LABOURIAU, 1979) , which is very similar to European and North American glacial refuges. Indeed, the Andean vegetation dynamic in glacial times and the consequent effect of the historical climate on tree species richness is similar to that reported by for Australian faunas.
Although our study presents novelty predictions from the complementary contemporary vs. historical climate hypotheses on the current species richness patterns, these findings have two important caveats. First, a circular approach might occur in our analyses because the climatic variables were used either to model the predictive geographical distribution of each individual species (i.e. in MAXENT) as to investigate the overall patterns of species richness (i.e. in GWR analyses). According to Wisz et al. (2007) , this circular approach do not occur because the overall pattern of species richness is a composite of many individually generated distributions and should therefore be somewhat independent of the variables that helped to generate the individual distributions (see also TERRIBILE et al., 2009) . Moreover, although the climatic variables are all collinear, we did not use the same descriptors of the current climate to model the species distributions and spatial analyses. Although we have used minimum and maximum temperature, annual precipitation and altitude in the SDMs, in the spatial analyses we used the first PCA axis, which reduced the dimensions of MAT, AP, AET and PET, and also increases the independence of our results. Second, one basic theoretical assumption of the SDM approach to generate fine predictive distribution maps is the equilibrium between species distribution and the climate. If this occurs, theoretically the SDM algorithms should be able to indicate all climatically suitable areas for each individual species into the study area. Thus, our findings regarding the contemporary climate as better predictor of species richness than historical climate for all geographical range size groups might be considered as only a modeling artifact. However, the effects of current climate are as low as those found for the historical climate when compared with the shared factor (see variance partitioning bars in the Figure 2 and Appendix S4). If our findings were merely an artifact of this assumption, then the current climate should have shown a bigger influence on the South American tree species richness than that we found.
Once South America did not glaciate during the LGM, the species were not forced to migrate to specific areas and/or specific routes (e.g. refuges) as observed in North American and European species. However, this condition do not give us any assurance that the species migration occurred randomly throughout South American continent, but ensure that the species migrated only for suitable regions through last glaciation, according to its physiological requirements (see COLINVAUX et al., 2000 for more details about the plant migration during the LGM in the South American lowlands). Thus, is plausible to accept that the South American tree species only migrated if they were in equilibrium with climate. Finally, the predictive species richness (from SDM distributions sums) was considerably and significantly correlated with observed species richness (from point-records sums; r = 0.561, d.f. = 22.67, p = 0.004) in geographic space, indicating that predictive species richness is a fine measure of the true species richness. However, we opted to use the SDM species richness approach because the point-records data from atlas may be biased due to sampling effort. Nonetheless, we expect that these predictions offer the most conservative spatial extrapolation of the tree species distributions that can be made with the available data. So, apparently our results concerning the predictions of South American tree species richness are acceptable, even using the SDM approach to obtain the species distributions used in the spatial analyses.
On the other hand, we encourage further studies to explore the questions raised in our study, especially those related to underlying circular approaches and its possible effects on spatial analyses of richness patterns, and how the assumption of species-climate equilibrium affect our inferences. We believe that an ideal, but ambitious approach, is to compare the predictive performance between completely simulated species distributions (and consequently its predictive species richness) from Mechanistic Models (MM) with niche-based SDM algorithms (see HIJMANS; GRAHAM, 2006 for more details about this framework). In MMs, the distribution of species is modeled based on the knowledge of the species' physiology, assuring independence from climate point records sampling and, principally, of the species-climate equilibrium assumption.
Conclusion
Our results suggest that contemporary climate based on the water-energy availability is the best determinant of geographical patterns of tree species richness in South America, independently of the species' dispersal abilities. However, the relative importance of contemporary and historical climate, as well as their fitting with tree species richness, shifts across South America indicating nonstationarity in these relationships and, consequently, complementarities between contemporary and historical climate hypotheses to explain tree species richness. Notably, the historical climate appears to be an important determinant of richness in regions of marked climate changes and Pleistocene refuges, while the contemporary climate predicts the species richness across those regions with non-evident refuges in glacial times.
